Purpose: To explore vitreoretinal pathologies and their longitudinal changes visible on handheld optical coherence tomography (OCT) of young children with familial exudative vitreoretinopathy.
F amilial exudative vitreoretinopathy (FEVR) is a rare hereditary disorder principally affecting retinal angiogenesis. Incomplete peripheral retinal vascularization results in ischemia and subsequent complications such as retinal neovascularization, exudation, vascular dragging, retinal fold, and retinal detachment. [1] [2] [3] [4] Although it may progress at any age with sight-threatening manifestations, visually significant FEVR most often presents in childhood, but many patients with Stage 1 to 3 remain undiagnosed. Conventional staging of FEVR has been based on evidence of vascularized retina, neovascularization, exudation, and detachment: with Stage 1 notable for the avascular periphery; Stage 2, avascular periphery with neovascularization; Stage 3, macula-sparing retinal detachment; Stage 4, macula-involving retinal detachment; Stage 5, complete retinal detachment, and A versus B designation for absence versus presence of exudate. 4, 5 Although some children may be born with very advanced disease and detachment, in many children, early in the disease or in mild cases, the peripheral avascular area or retinal neovascularization is often very difficult to find when peripheral angiography is not performed. This lack of further evaluation may occur because of the lack of any symptom and unremarkable posterior retinal appearance, which may include a lack of exudation. 5 Subtle abnormalities, which are often hardly noticeable in the posterior pole, include an increased distance from the fovea to the disk, more radiating and straightened retinal vessels extending from the optic nerve head (ONH), and smaller than normal ONH size. [6] [7] [8] Although the primary pathology in FEVR is located in the periphery, its harmful effect on visual function typically arises through the effects on the macula and optic nerve.
The vitreous gel is recognized as having an important role during the progression of FEVR. The vitreous is especially adherent to the retinal surface in young children. 9 Moreover, pathologically adherent and contractile posterior hyaloid in FEVR causes various forms of the tractional complications, such as posterior hyaloid organization, vitreomacular traction, and vitreopapillary traction. 10 Although fundus examination, fluorescein angiography, and ultrasound have been used for assessment across all ages, optical coherence tomography (OCT) has been shown to be a valuable tool in monitoring the extent of vitreoretinal interface disease and progression only in older children and adults. [10] [11] [12] We hypothesize that OCT could help detect similar abnormal findings at the posterior pole in earlier stages of FEVR in infants and young children. However, obtaining OCT images in younger patients can be difficult because of their inability to cooperate; thus in the 2 studies to date, of OCT imaging in FEVR, clinical tabletop systems were used for imaging, and the mean ages were 19 years and 10 years. 10, 11 With the advent of handheld OCT (HHOCT), it has become possible to image with OCT during the examination under anesthesia without "flying baby" positioning, 13 and to find retinal, vitreous, and ONH abnormalities in pediatric patients who are not cooperative enough to be examined using standard OCT systems in the clinic. 14, 15 This has enabled clinicians to observe how such abnormalities change over time or after treatment even in very young children.
The aim of this study was to explore the range of vitreoretinal pathologies visible on HHOCT images in young patients with FEVR. Also, we investigated those changes during the follow-up period as the disease evolved.
Methods
This study is a single-center, retrospective case series of patients with a clinical diagnosis of FEVR who were enrolled in an observational HHOCT imaging study at Duke Eye Center during a 7-year period from January 1, 2009, to December 31, 2015. The study was approved by the Duke University Medical Center Institutional Review Board and complied with the Health Insurance Portability and Accountability Act and all tenets of the Declaration of Helsinki. A parent of each subject provided informed consent for the study that included research imaging and analysis of medical records. Eligible participants were identified by review of the research database and medical records based on clinical findings, family history, and genetic testing when available. Note that infants and children with severe disease, with anterior ocular opacities, total retinal detachment, or vitreous hemorrhage in both eyes, which precluded imaging, were not enrolled in the OCT imaging study. If one eye had these findings, it was excluded from analysis.
All infants and children with FEVR had been imaged during examination under anesthesia, with funduscopic photographs and fluorescein angiography obtained using the RetCam II Wide-Field Digital Imaging System (Clarity Medical Systems Inc, Pleasanton, CA) with the 130°widefield D1300 lens. All HHOCT images were obtained with the portable handheld spectral domain OCT system centered at 840-nm wavelength (Envisu 2200/2300 Bioptigen Inc, Research Triangle Park, NC) as described by Maldonado et al. 16 Early in the study, this was an investigational device that is comparable with the now FDA-cleared Envisu system. In each HHOCT session, volume scans in the macula, ONH, and extramacular area as peripheral as was possible were obtained under 8 mm · 8 mm-, 10 mm · 10 mm-and/or 16 mm · 16-mm-scan length setting. Linear scans that included the fovea were also performed.
Data collection included demographics such as birth history, FEVR staging at first examination, highest FEVR staging, laser and surgical treatment history, visual acuity, genetic testing results, and total number of imaging sessions. All imaging sessions were reviewed. Staging was determined as previously described, 4 based on the combination of clinical examination, fundus photographs, and fluorescein angiogram.
Handheld OCT images were considered acceptable for analysis if the series of scans were appropriately focused and aligned, of sufficient signal strength to confidently identify the anatomical landmarks of the nerve, and covered the optic nerve from edge to edge both horizontally and vertically. The edge of the optic nerve was defined as the retinal pigment epithelium border. Handheld OCT images were converted into Digital Imaging and Communications in Medicine format and qualitatively graded in OsiriX medical imaging software (OsiriX Foundation, Geneva, Switzerland). Threedimensional image processing of volumetric OCT data was performed using custom MATLAB scripts and an enhanced rendering pipeline that included volumetric filtering, edge enhancement, feature enhancement, depthbased shading, and phong lighting. 17 Handheld OCT images were analyzed for retinal folds, vitreoretinal interface, preretinal, intraretinal, subretinal abnormalities, and ONH elevation on the basis of image interpretations through systematic review by one author (J.L.) with secondary review of all images by C. A. Toth and all optic nerve images by M. A. El-Dairi. The volume scans with the best image quality were selected for each subject, with at least one ONH and macular volume scan for each eye.
Optic nerve head elevation was defined as elevation of the anterior surface of the ONH above the level of the surrounding retinal nerve fiber layer (RNFL). 14 This could occur with or without loss of cup. All the images were reviewed by two independent observers (J.L. and M.A.E.), and another observer (C.A.T.) arbitrated the evaluation.
Results
Nineteen patients with FEVR were identified during the study period. Of those 38 eyes, OCT imaging was not performed on one eye each of 2 patients because of the presence of corneal opacity or Phthisis. Ten eyes had imaging attempted and were excluded from this study analysis because of insufficient OCT image quality caused by total retinal detachment or media opacities. Therefore, 26 eyes from 16 patients had OCT images of good quality for interpretation and assessment of macula, ONH, and vitreoretinal interface as shown in Figure 1 for ONH. Patient demographics and clinical findings are summarized in Table 1 .
Macula at First Examination
Nineteen of 26 eyes had a normal foveal depression on OCT, although 2 of these 19 eyes had persistent inner retinal layers (FEVR Stages 2A and 3B), and 3 of the 26 eyes had a flat foveal area associated with retinal stretching (FEVR Stages 3A, 3A with previous laser, and 4A). Two of 26 eyes (all with FEVR Stage 4A) had foveal elevation associated with vitreomacular traction. The final 2 of 26 eyes had premacular hard exudates 18 and foveal thickening with an updrawn fovea in one eye and appearance of likely small cystoid spaces (the inner surface exudates limited the view to the outer layers); there was late fluorescein leakage in the macula of the eye with the updrawn, thickened fovea, and both eyes had FEVR Stage 2B with previous laser. Seventeen of 19 eyes with normal foveal contour had an intact central ellipsoid zone and 2/19 eyes had a faint and disrupted ellipsoid zone. In seven eyes with an abnormal foveal contour, the ellipsoid zone could not be evaluated. Mean subfoveal choroidal thickness was 281.45 ± 76.90 mm (284.79 ± 71.74 mm in eyes with normal contour vs. 270.2 ± 103.10 mm in eyes with abnormal contour). Mean subfoveal thickness was 331.89 ± 95.67 mm in the 9 eyes with laser treatment versus 257.14 ± 57.02 mm in the 16 eyes without laser treatment.
Optic Nerve Head at First Examination
Optic Nerve Head findings on fundus photographs. A total of 16/26 eyes had a nearly normal appearance of the posterior fundus and ONH (one of which had prepapillary vitreous opacification) ( Figure 4 ) without dragging of vessels and with no visible abnormality of the ONH. Two of 26 eyes had subtle ONH dragging ( Figure 1A ), which was accompanied by very mild dragging of vessels, and 8/26 eyes had obvious ONH dragging ( Figure 1 , B-E). A total of 7/8 eyes with obvious ONH dragging had vascular dragging, which was defined as definite straightening of retinal vessels with or without vascular engorgement and narrowing of the angle between the temporal arcades. All 9 eyes at FEVR Stage 3 or 4 had ONH dragging, whereas 1 of 13 eyes at Stage 2 had ONH dragging.
Optic Nerve Head findings on Optical Coherence Tomography. In the 16 eyes with a nearly normal posterior fundus appearance on clinical examination and on fundus photographs, 4 eyes appeared normal, and 12 had ONH elevation ( Figure 4 ) on OCT images. Optical coherence tomography findings in the eyes with ONH elevation included the following: six eyes with vitreopapillary traction or prepapillary membrane, one eye with mild ONH edema, which was confirmed by leakage in fluorescein angiography, and five eyes with protrusion of the retinal vessels at the ONH ( Figure 4 ). All 10 eyes with obvious or subtle ONH dragging on fundus photography had the following findings from OCT images:
1. Neurosensory retinal displacement: a displacement (or shifting) of the peripapillary neurosensory retina toward the peripheral fibrovascular lesion side. Because with OCT, we could view both lateral and axial changes; we commonly observed that the peripapillary nasal retina was shifted temporally over the ONH and upward (toward the vitreous) at the ONH ( Figure 1 ).
2. Retinal nerve fiber layer thickening at the temporal, superior, and inferior disk margins, along with the absence of outer retinal layers in the temporal peripapillary area above the Bruch membrane leaving only RNFL at the temporal margin of the ONH (Figure 2 ). 3. Retinal elevation along the vasculature extending away from the optic nerve and on the side toward the peripheral pathology. The elevation was greatest at the area closer to the ONH and lowered as it extended farther away from the ONH (Figure 3 ). Retinal vessels were seen at the apices of these two elevations ( Figure 3 , B-D). The retinal elevation was confined to the area around ONH in six eyes ( Figure 1 , A-C) and extended beyond the posterior pole area but did not connect to the periphery in two eyes ( Figure 1D ). In one eye, the retinal elevation was connected with a peripheral fold to form a radial retinal fold ( Figure 1E ). To avoid confusion between these OCT-determined findings of vitreopapillary dragging and with ONH dragging seen on fundus photography we use the term OCT-vitreopapillary dragging (OCT-VPD).
Vitreous Abnormalities on Optical Coherence Tomography at First Examination
Eighteen of 26 eyes (69%) had at least one of the following vitreous abnormalities: prominent vitreopapillary traction, prepapillary membrane, premacular Excluding one eye that previously underwent vitrectomy, posterior vitreous detachment (PVD) could not be seen on OCT in 24/25 eyes but was found focally in one eye of a child (age 3.5 years, Figure 5H ), which had membrane-like posterior hyaloid thickening with focal vitreous separation only at the thickened area.
Longitudinal Changes
Four eyes (all Stage 1) received no treatment, and 22 eyes had laser photocoagulation as follows: previous laser treatment in 9 eyes, previous laser treatment during incisional surgery in 1 eye, and the first laser treatment at the time of the first examination with HHOCT in 12 eyes. Six eyes underwent pars plana vitrectomy: one eye at the first examination and five eyes during follow-up. Twenty-one eyes had more than one OCT-imaging session more than 1 month apart, with from 1 to 8 sessions during 1 to 72 months of follow-up (mean 23 months).
Over time, eight eyes had ONH changes on OCT consistent with a progressive increase in vitreopapillary traction (Table 2 and Figure 6 ). Two eyes developed new onset of OCT-VPD. One eye (no. 6, FEVR Figure 6C ) had progression of OCT-VPD with progression of ONH dragging on fundus photography, whereas the other eye had worsening of optic disk edema in one eye (no. 5, Figure 6A ) and prominent ONH changes on fundus photographs. The four remaining eyes demonstrated some progression of OCT-VPD, whereas funduscopic changes were not visible. All eight eyes had received peripheral laser treatment before (no. 2, 5, 6, and 10) or at the time of first OCT imaging (no. 15, 17, 18, and 21). Abnormal macular findings on OCT also developed or worsened over time in three eyes. In one eye (no. 9), in 3.5 months of follow-up, macular thickening developed with apparent contraction of the posterior hyaloid (cellular proliferation into the vitreous may have also contributed) and without any change in ONH. Two eyes (no. 5 and no. 6) had worsening of vitreomacular traction in 18 and 22 months of followup, respectively, and in one eye, the ONH edema worsened, whereas the other eye developed OCT-VPD. All these eyes had one or more accompanying vitreous abnormalities that were described earlier.
Changes on Optical Coherence Tomography After Pars Plana Vitrectomy
One eye underwent pars plana vitrectomy before the first examination ( Figure 1A ). Six eyes underwent pars plana vitrectomy for tractional retinal detachment (2/6 eyes), traction/rhegmatogenous retinal detachment (1/6 eye), vitreomacular traction, or macular puckering (3/6 eyes). Good anatomical restoration of the macula was accomplished after relieving the vitreomacular traction or removing epiretinal membrane in all three eyes. Although the ONH elevation and peripapillary retinal elevation improved in five of six eyes, the contour of the ONH did not return to normal in any eye ( Figure 7 ).
Genetic Testing and Visual Function
Genetic testing for some of the known genetic defects associated with FEVR was performed on 9/16 patients. Wnt-signaling pathway mutations were detected in five patients (7 eyes): three patients (5 eyes) with NDP mutation (Stages 2A, 2A, 3B, 4A, and 4B respectively), one patient (1 eye) with FZD4 mutation (Stage 4A), and one patient (1 eye) with CTNNB1 mutation (Stage 2A). Among these seven eyes, four eyes had ONH dragging on fundus Visual acuity ranged from no light perception to 20/20. The age at first examination of 7 patients (10 eyes) was below 12 months, and visual acuities of those eyes were recorded as "fix and follow" or "wince to light." The number of remaining eyes with Snellen or Teller visual acuity was so small that we could not correlate visual acuity with FEVR stage, OCT findings, or disease progression.
Discussion
This is the first report of longitudinal changes of the ONH and macula as imaged with HHOCT in infants and young children with FEVR (PubMed search for terms familial exudative vitreoretinopathy, optical coherence tomography, and we examined all identified articles for inclusion of children and longitudinal study, date of search: August 2, 2016). In our series, the mean age at the first HHOCT imaging was 32 months (range 2 months-10 years), with 15 of 16 children (94%) younger than 5 years of age. This age is much younger than in previous publications 10, 11 (mean, age range: 19, 2.4-57 years and 9.8 years, 4 months-23.8 years).
We demonstrate the utility of identifying posterior pole OCT characteristics of FEVR early in life, noting that both presentation and progression of ONH changes were often visible only on the OCT imaging. Children who present with FEVR in the first 3 years of life have a worse prognosis, often due to the severity of disease at onset. 19 Nevertheless, in many of those cases, early detection, diagnosis, and treatment of FEVR are expected to result in a better visual prognosis. 20 The OCT images obtained in older children or adults likely reflect the retinal status of either milder phenotypic FEVR or that of already advanced stages of FEVR. "ONH dragging," "optic disc dragging," or "dragged disc" is a clinical funduscopic term, which describes the condition where retinal elements over and around the optic disk are laterally displaced. The dragging is associated with retinal traction exerted by a fibrovascular scar and is accompanied by ectopic macula, displacement of abnormal tortuous retinal vessels and sometimes by a retinal fold or a retinal detachment. 21 Various vitreoretinal conditions, such as idiopathic congenital retinal folds, Wagner syndrome, FEVR, or retinopathy of prematurity, can present with ONH dragging, which represents advanced or cicatrical stage with irreversible anatomical change in most situations. [21] [22] [23] [24] We demonstrate clinically valuable characteristic OCT changes associated with ONH dragging (predominantly toward the temporal retina in these eyes with FEVR) and define the unique aspects of ONH dragging on OCT (termed OCT-VPD). The characteristics of OCT-VPD that may not always be evident on clinical or photographic examination include the following: neurosensory retinal displacement, RNFL thickening arcing temporally around the optic nerve, retinal elevation along the vasculature extending away from the optic nerve, and strong vitreopapillary adhesion or traction. Using these combined OCT features, we were able to identify OCT-VPD that was not readily visible on fundus photography.
Neurosensory retinal movement, or retinal movement toward the lesion side, has been reported on OCT 11 in eyes with FEVR and retinal folds. The peripheral avascularity reported in FEVR is most severe at the temporal periphery, where neovascularization and fibrovascular proliferation are most prominent, and that is the reason why retinal movement and ONH dragging are mostly temporally directed in this disease. 2, 4, 25 However, when the lesion is shifted superiorly or inferiorly, the direction of the retinal fold can vary accordingly ( Figure 1E ). We also noted that on OCT imaging, anterior retinal displacement was better ascertained than from the fundus examination or photographs.
The RNFL thickening is comparable with the nerve fiber layer bundle reported in a case series of eyes with severe dragging and retinal folds. 11 We demonstrate thick hyperreflectivity of the RNFL at the temporal, superior, and inferior margin of ONH. We believe that this is not due to actual swelling but rather updrawing of deeper parts of the optic nerve. Had there not been an upward pull of optic nerve, one would expect thinning of the peripapillary RNFL rather than thickening because of the retinal stretching usually seen in FEVR. Unlike in highly myopic eyes where dragged RNFL was reported over the peripapillary atrophic retinal pigment epithelium (temporal crescent), 26 in our series, the retinal pigment epithelium/Bruch complex is intact at the temporal margin of disk suggesting that dragging occurred only at the level of the retina and not of the choroid and sclera. 27 Retinal elevations along vasculature extending from the ONH are due to thickening of the RNFL and in 20/100) and ONH elevation due to ONH dragging. Eight months after the operation, foveal depression and ellipsoid zone were almost restored, and peripapillary retinal elevation persisted despite improvement, and VA was 20/70. B. Optical coherence tomography in a patient who developed a macular pucker during the follow-up period (VA 20/80). There was ONH dragging with retinal elevation around ONH. Three years after the pars plana vitrectomy, normal foveal configuration and ellipsoid zone were restored, but there was still irregular RNFL thickening, and VA was 20/30. part due to vascular dragging and vitreous traction along the major vessels. These elevations may occur both nasal and temporal to the ONH. In several of our examples, these diminish in elevation with increasing distance from the ONH and thus do not appear to be due to traction from the periphery.
We found that ONH elevation is extremely common in the eyes of young children with FEVR, despite a normal photographic appearance of the ONH (12/16 eyes, Figure 4) . We recognize that ONH elevation is not a specific finding in FEVR alone; however, the presence of ONH elevation may raise suspicion even when posterior pole fundus photography appears normal. In mild FEVR, peripheral avascular area or retinal neovascularization can be very difficult to find with conventional examination. Fluorescein angiography is often not performed because of the lack of symptoms and because of an unremarkable posterior retinal appearance. 5, 28 Among these 12 eyes with ONH elevation, 5 were due to pronounced retinal vascular protrusions in the early stages of FEVR (4 eyes in Stage 1 and 1 eye in Stage 2). There can be several possible explanations for this. First, it has been reported that patients with FEVR have more retinal vessels radiating from the optic disk in the posterior pole. 7, 8 Second, the optic disk in FEVR has been found to be smaller than in normal eyes. 6, 7 When combining these findings, subtle vascular engorgement due to vascular crowding and/or RNFL crowding from a small optic disk may cause optic disk elevations even in these mild FEVR eyes. Third, although not evident on our OCT images, retinal vascular protrusion may also be related to occult vitreopapillary traction.
Yonekawa et al 10 already mentioned that tractional membranes in FEVR are not the typical epiretinal membranes seen after PVD and that they originate from abnormal vitreous that becomes pathologic as the cicatricial disease progresses. They recommended the term "posterior hyaloid organization/contraction." Joshi et al 9 pointed out that the development of cellular infiltration into the attached posterior hyaloid is associated with hyaloid contracture in children with vitreoretinal traction, in contrast with adults in whom proliferation occurs on the inner retinal surface commonly after the vitreous separation. Our OCT findings strongly support those opinions. Vitreous was attached to the retinal surface in all young FEVR eyes in this study, with the exception of only one eye of one child (age 3.5 years) that had two small areas of focal separation of posterior vitreous. Partial PVD did not occur even during the progression or development of OCT-VPD in FEVR in this study. This OCT finding implies that the vitreous attachment to the ONH and retina is very strong, and the vitreous is able to exert a tractional force strong enough to cause ONH dragging and elevation in FEVR. The vitreous is especially adherent to the retinal surface in young children, and it is virtually impossible to mechanically detach the posterior cortical vitreous from the retina 9, 29 ; thus, in many young pediatric vitreoretinal conditions, vitreoretinal traction may be present without visible separation of the posterior hyaloid from the retinal surface. 9, [30] [31] [32] It is known that although progression in adults is uncommon, FEVR is more severe and the prognosis is more guarded in younger children, particularly younger than 3 years of age, with macular ectopia, retinal detachments, and retinal folds being the main cause of reduced vision. 19, 33 The difference in vitreoretinal adhesion may explain these differences in clinical features between infants and adults in FEVR.
Our OCT findings support the important role of the vitreous in pathogenesis of FEVR in infants and young children. First, OCT imaging shows that the vitreous is involved in upward ONH dragging in eyes with visible retinal vessel dragging. The vector of retinal movements in eyes with ONH dragging can be divided into two components (Figure 1 ). One component is toward the preretinal neovascularization, both tangentially along the retina and the retinal vasculature and circumferentially in the periphery. These movements toward the site of the preretinal neovascularization are thought to result from contraction of the peripheral fibrovascular tissue, 21 in the conventional concept regarding ONH dragging, retinal dragging, and radial retinal fold formation. The second component is upward, into the vitreous in an anteroposterior direction and most likely from vitreous traction, which is more readily apparent on OCT. The latter component is much more difficult to characterize with the en face viewing of the retinal surface with fundus photography or indirect ophthalmoscopy, even with stereophotographic viewing. Second, OCT images show that strong vitreous traction alone can result in ONH dragging, in some cases even without retinal dragging by peripheral fibrovascular proliferation. Among 12 eyes with OCT-VPD in FEVR (10 eyes at first examination and 2 eyes in which this subsequently developed), there was no obvious retinal vascular dragging on fundus photography in five of the eyes (one eye with obvious ONH dragging, two possible eyes, and two later-developed eyes). Third, the pattern of retinal elevation on OCT supports the role of vitreopapillary traction: Retinal elevation is highest at optic disk and decreases as it extends to the periphery (Figure 3) , and it runs along the retinal vessels. Vitreous adhesion is strongest at optic disk and along the major retinal vessels. 34 Fourth, various forms of vitreous abnormalities were found as follows: In our study, higher stages of FEVR are associated with a higher prevalence of these vitreous abnormalities, and all eight eyes with longitudinal optic disk changes and all three eyes with longitudinal macular changes had extramacular vitreous abnormalities. Fifth, there are additional longitudinal optic disk changes that are likely due to vitreous traction: Prepapillary membrane in the absence of PVD is actually a part of posterior vitreous, so thickening of prepapillary membrane ( Figure 6B ), vitreopapillary adhesion with focal vitreous condensation ( Figure 6C ), or loss of the optic cup over time ( Figure 6E ) also reflect this component of vitreous traction. Although we could not document vitreopapillary traction on OCT, one eye with unilateral worsening optic disk edema ( Figure 6A ) had strong vitreomacular traction with dense premacular hard exudate, so we cannot exclude contribution of occult vitreous traction at the disk. The dramatic recovery of elevation of ONH and retina after vitreoretinal surgery also supports our premise ( Figure 7) .
We observed that all these optic disk changes had occurred after laser photocoagulation treatment. Laser photocoagulation might affect contraction of fibrovascular membrane or vitreous contracture with increasing vitreopapillary traction. Previous articles pointed out this possibility in FEVR, 10 and this is recognized in other diseases such as diabetic retinopathy; however, it is difficult to differentiate any contribution of laser treatment to these changes from simply the disease affecting the vitreoretinal interface.
Recognizing the Role of Anteroposterior Vitreous Traction Across the Retina and Optic Nerve in Pathogenesis of Familial Exudative Vitreoretinopathy in Young Children
Based on the OCT evidence, we believe that anteroposterior traction by the vitreous should be considered as one of the main pathophysiologic factors in FEVR in young children in addition to tangential and circumferential traction in the region of the peripheral fibrovascular tissue (Figure 8 ). At the beginning, the fibrovascular membrane develops at the border with the peripheral avascular retina. As the fibrovascular membrane contracts, a peripheral retinal fold with retinal detachment begins to develop and progress posteriorly (centripetal progression). Meanwhile, anteroposterior ONH elevation and dragging and retinal elevation develop and progress peripherally beyond the posterior pole (centrifugal progression). Finally, when centripetally progressing retinal fold bridges with centrifugally progressing retinal elevation, radial retinal fold develops. Our hypothesis that vitreous has an important role in progression of FEVR in young children can help to explain why FEVR progresses into the advanced stage, despite sufficient peripheral laser treatment in some cases, as the purpose of laser photocoagulation is mainly focused on regressing active peripheral fibrovascular membranes.
Although OCT imaging is of great use in comprehending these components of tractional elevation to the optic nerve and macula in preoperative planning, it is also useful during surgery to evaluate tractional effect on these structures and to monitor the response during and after vitreous and membrane removal. For FEVR surgical cases in young children, it is important to recognize that vitreous traction may be sufficient to elevate the surface of the ONH and retina, but unlike in older children and adults, this elevation will not usually be accompanied by a partial PVD. Thus, although partial PVD is often watched for as an indicator of vitreoretinal traction in older children and adults, at this young age, the vitreous Fig. 8 . Conceptual diagram of FEVR pathogenesis. Left, in addition to retinal dragging due to the contraction of a peripheral fibrovascular membrane (red arrows), vitreous traction (blue arrows) is also an important factor in pathogenesis of FEVR in young children. The direction and the size of arrows represent those of tractional force. Right, from upper to lower: At the beginning, the fibrovascular membrane develops at the peripheral avascular retina. As the fibrovascular membrane contracts, a peripheral retinal fold with retinal detachment begins to develop and progress posteriorly (centripetal progression). Meanwhile, through vitreous traction, ONH elevation and dragging and retinal elevation develop and progress peripherally beyond the posterior pole (centrifugal progression). Finally, when a centripetally progressing retinal fold bridges with a centrifugally progressing retinal elevation, the radial retinal fold develops. remains attached and one should instead look for the signs of deformation of the underlying structures. Additional studies are underway to evaluate and optimize OCT visualization of these structures during vitreoretinal surgery.
This study has several limitations. First, because of retrospective design, there was no standardized follow-up time for examinations. Second, because of the limited number of patients and irregular intervals for follow-up in our study, we did not perform significance testing but only descriptive analysis of the OCT findings. Third, the image quality for some patients was suboptimal because of media opacities or the challenges of optimizing imaging early in our use of HHOCT. Acquiring high-quality HHOCT images in infants and young children can be challenging for many reasons. Fourth, the image graders were not masked to the OCT findings, which might have caused biased results. Finally, because of the very young ages of the FEVR patients in our study, there were limited data regarding visual function; thus, we could not correlate OCT findings with the functional outcome such as visual acuity or visual field. In young patients with FEVR, in whom standard visual functional testing cannot be readily performed, visual evoked potential may be more informative because OCT informs us that the optic nerve may be affected even in the early stages of visible ONH dragging.
In summary, we report that HHOCT of the ONH and retina can provide valuable complementary information regarding vitreous status and enhance our understanding on pathogenesis of FEVR in very young children. This information has not been sufficiently reflected by the conventional staging systems for FEVR, which for very young children, have been based on funduscopic and fluorescein angiographic findings. We believe that it is worthwhile to recognize and record the presence or absence of OCT-VPD in FEVR Stages 2 to 4 in young children. We suggest that an annotation of D+ for OCT-VPD present and D2 for absent would be of use when recording Stage 2 to 4 FEVR. This would reflect the status of vitreous traction and its effects on the optic nerve and could be useful for relating this traction to future visual outcomes including the visual field. We point out the importance of recognizing the potential impact of vitreous traction on the ONH and the peripheral retinal status in FEVR. This information could be valuable in preoperative assessment and in clinical monitoring, especially after laser treatment in young children.
